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Two general methods for the quantitative  determination of bac- 
teriophage are known.  The first of these involves testing serial  dilu- 
tions of the lytic agent for ability to prbduee complete dissolution of a 
broth culture of susceptible bacteria.  The last  effective dilution is 
divided into several aliquots which are in turn seeded with phage-sus- 
ceptible organisms.  Thus if four 1 ml. portions of a  10- 6 dilution of 
a  phage suspension produce lysis and six do not, it is assumed that 
each of the four active samples contains at least 1 lytic particle and 
that therefore the original lysate possesses a minimum concentration 
of 4  ×  10  ~ phage corpuscles/ml. 
The alternate method consists of plating appropriate phage dilutions 
upon a  substrate of susceptible  bacteria.  The round, punched-out 
lytic areas are considered to represent the loci of single phage particles, 
and a  count of their numbers should furnish a  simple measure of the 
total phage per milliliter. 
D'Herelle has fully described and discussed both procedures and apparently 
has been able to obtain satisfactory checks with them.  In judging the suitability 
of these technics for critical quantitative work, however, it would appear that even 
in d'Herelle's hands agreement of results obtained by the two methods has been 
wanting.  To quote d'Herelle (1) "The undiluted suspension  ....  of the more 
powerful race contained 200,000 million (2  ×  1011) corpuscles per cc. according to 
the dilution method and 121,000  (1.21  ×  1011) according to the plaque method. 
For the second race the number of corpuscles was 6  ×  109 by the first method and 
8.1  X  109 by the second."  The extreme possible errors in the  cited cases are 65 
per cent and 35 per cent respectively. 
Clark  (2)  has analyzed the  dilution method of titration  from the  statistical 
viewpoint and concludes that with a  dilution constant of 0.1  only about  60 per 
cent of parallel runs on the same solution should give the same end-point.  It is 
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apparent that a difference  of 1 tube in the end-point of a series of this sort is apt 
to produce a considerable error in the final calculation.  A recent survey by the 
writer of previous titration data of his own has given a figure but little greater 
than the 60 per cent of Clark's. 
Plaque counts appear to offer  no particular advantage over the dilution technic 
as far as agreement  between  parallel runs is concerned.  Several  factors other than 
the concentration of phage have been shown to influence  markedly the number of 
plaques appearing on solid media (3) and considerable personal experience with 
the method has led the writer to the conclusion that, in his hands at least, ~ is 
inadequate for accurate determinations. 
In attempting to  devise some  more  suitable technic the  reaction 
between a highly active antistaphylococcus phage and a  single strain 
of S.  aureus was studied.  Viscosimetric measurements of bacterial 
swelling following the addition of phage to dense suspensions failed to 
furnish any basis for quantitative phage estimations.  Determinations 
of the number of bacteria required to completely adsorb phage from 
exposed lysates resulted similarly. 
As a next step a study of the effects produced by varying the Cphage 
and CBact. present in a given volume at the beginning of the reaction 
was undertaken.  Although it is stated  (4)  that "within certain very 
wide limits the quantity of bacteriophage filtrate necessary to inocu- 
late to cause this dissolution is a matter of no moment; the course of 
the action and the final result of the phenomenon is the same, whether 
the  amount inoculated is 1 cc. or 0.001,  to  10 cc. of medium," this 
was not found to be the case in the present instance. 
Marked differences in the course of the reaction were found to occur 
upon  varying  the  concentrations  of  the  reactants.  For  example, 
under the experimental conditions described below, 4 ml. of 1 per cent 
phage added to 1 ml. of a broth suspension of staphylococci containing 
a  total of 12.5 X  107  ceils produced clearing in  1.9 hours,  whereas a 
similar preparation made with 0.01 per cent phage required 3 hours for 
the  completion of lysis.  Comparable  results over  a  wide  range  of 
phage concentrations in a  constant total volume of 5 ml.  containing 
12.5 X  107 cells suggested that under these conditions lysis is a func- 
tion of CPhage and time, and that quantitative estimations of phage 
could be made either by determining the length of time required to pro- 
duce clearing of a  culture containing a certain number of bacteria at 
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lysed in a  given time.  Upon  this general basis the following  proce- 
dure was developed. 
Details  of  Method for  Quantitative  Phage  Determination  as  Used  in 
Present Work with S. aureus and Antistaphylococcus Phage 
A considerable quantity of phage is prepared by adding bacteriophage and sus- 
ceptible organisms to nutrient broth of pH 7.6 in such amounts that respective 
concentrations of 1.0 per cent phage and 2.0  ×  l0  T ceils/ml, are obtained.  The 
mixed reactants are rocked at 36°C. for 3 hours by which time [ysis is complete. 
The lysate is stored in liter flasks at 5°C. withoutfittering.  Under such conditions 
it has been found to maintain full strength satisfactorily over a period of months. 
Units:  Bacteriophage, like enzymes, can only be measured by its activity and 
the units employed therefore will have the dimensions of a  velocity constant; i.e. 
TABLE  I 
Amounts of S. aureus  and  Antistaphylococcus  Phage  Used in Quantitative  Phage 
Determinations 
Amount  of  Amount  of 
CBaet" in suspension  bacterial  phage  CBact" in mixture  suspension  Cphag  c used  dilution 
used  used 
per cent  units 
12.5 X  10~/ml.  1 ml.  0.01  1 X  106  4ml.  2.5 X  10~/ml. 
"  "  .001  1 X  10  ~  "  " 
"  "  .0001  1 X  104  "  " 
in this case the number of bacteria lysed per unit of time per unit of phage.  The 
rational unit  would be  that  quamity  which  would lyse one  bacterium in one 
second but since this cannot be determined experimentally it is necessary to choose 
an arbitrary number.  The rate of lysis varies with temperature, pH, and condi- 
tion of the culture; consequently these variables must  also be fixed.  The unit 
of phage used in this paper is defined as the minimum quantity which will cause 
complete clearing of  1.25  X  108  ceils  of S.  aureus  (prepared from  a  16  hour 
culture grown on agar) in 5 ml. pH 7.6 broth at 36°C.  1 X  10  -1° ml. of the "stand- 
ard" phage suspension prepared as described above suffices to produce lysis under 
these conditions and therefore contains 1  X  101° units per ml.  On  this  basis a 
1 per cent phage suspension will contain 1  X  10  s units/ml., a 0.01  per cent sus- 
pension 1  X  106 units/ml., etc.  The working of this scale in practise is brought 
out below. 
A 16 hour culture of the test organism grown in Blake flasks is washed from the 
surface of the agar with saline solution.  The resulting emulsion is filtered through 
a  Schleicher and Schiill Faltenfilter No. 588 and its bacterial content determined 560  QUANTITATIVE  DETERMINATION  OF  BACTERIOPHAGE 
by the  centrifuged-sediment  method  (5).  Dilutions  in  broth  are  immediately 
prepared  and thoroughly  mixed with standard  phage dilutions in the amounts 
shown in Table I.  Tubes of uniform diameter and any convenient size are  em- 
ployed.  We regularly use large tubes of 15 mm. inside diameter because of  the 
accuracy with which they may be read.  They are placed in a  mechanical shaker 
mounted in a water bath maintained at 36°C. and are read  at short intervals as 
described below. 
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Fro.  1.  Residual bacterial  concentrations during lysis by  various amounts  of 
phage pIotted against time 
0  1 ×  106 Units Phage 
A  1  X  105  .... 
•  1  ×  104  "  " 
Readings are made by comparing the turbidity of the lyslng suspension with 
formalinized  bacterial  suspensions  of  known  cell  concentrations  contained  in 
standard tubes.  A series of 1, 2, 3, 4, 5, 6, 8, 10,12, 15, and 20 ×  107 staphylococci/ 
ml. in broth containing 5 per cent formalin is prepared each day for this purpose. 
The light source for reading is important.  A satisfactory arrangement is made 
by mounting a buUet-shaped daylight microscope lamp just below the level of the 
eyes, turning it at an angle of 45 ° with the vertical.  The tubes are held in front 
of and slightly below the daylight filter so that they are illuminated against a dark 
background.  Considerable Tyndall effect is obtained in this way and suspensions ALBERT  P. K~UEGER  561 
of  9  x  l0  T and  10  X  l0  T staphylococci/ml.,  for  example,  may  be  readily 
differentiated. 
Growth  of bacteria occurs in  all the  tubes  and  turbidity increases greatly. 
Readings are begun when the first diminution in turbidity becomes apparent and 
are recorded graphically by plotting the residual bacterial concentrations as ordi- 
nates against the time required to reach these values.  Curves of the type indicated 
in Fig. 1 are obtained.  On such curves one chooses a convenient end-point (here 
8  ×  l0  T Bact./ml.) and  interpolates a second curve, Fig. 2, by plotting the logs 
of the phage units required to bring  the original bacterial suspension to this arbi- 
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FIo. 2.  Log of CPhage (units) plotted against the time required to reduce CBact. 
to 8  X  10T/ml. 
trary end-point against the time spent in  the process.  Both sets ,of curves  are 
reproducible and may be quite closely fixed.  However, in titrating unknowns  it 
is best to include  two known phage dilutions in each set-up.  Readings from the 
control tubes may shift the second curve slightly but will not alter the  slope. 
An unknown is run as follows.  4 ml. aliquots of the undiluted lysate 
and four 1:10 serial dilutions in broth are pipetted into standard tubes. 
To each is added 1 ml. of a broth suspension of staphylococci prepared 
as described above and containing  12.5  X  10 7 Bact./ml.  The tubes 
are mounted in the water bath shaker and at 2.5  hours readings  are 562  QUANTITATIVE  DETER-M.IlqATION O]~  BACTERIOPHAGE 
begun.  Any original CPhage between 100 per cent (1 X  10 '0 units) and 
0.0001 per cent (1 ×  104 units) will give in at least one of the five tubes 
a sharp decrement in CB~ct. at some time between 3 and 4.5 hours.  It 
is  essential  to  catch  this  explosive  process of lysis  so  that  two  or 
preferably three points may be established for drawing the curve of 
Fig. 1.  In order to be sure of this the tubes are read every 0.2 hour 
between 2.5  and 4.7  hours.  When the turbidity in any tube drops 
below 20  ×  107 Bact./ml.  that tube is read every 0.1 hour.  Such a 
procedure avoids any difficulty apt to arise from insufficient data for 
fixing the slope of the curve. 
From the plot of residual CBact. against time one reads the time 
required to reach a given end-point (here 8  X  107 Bact./ml.).  This 
time value is located on the second standard curve and the correspond- 
ing abscissal figure  (Log Phage Units)  read  directly.  Suppose,  for 
example, that a  10 -s dilution of an unknown reduces the turbidity of 
the test suspension to 8  X  107 in  3.6  hours.  The  log  phage  units 
corresponding to 3.6 hours on the 8  )4 107 curve is 5.2.  Therefore, the 
original unknown contains 1  )<  105.~ ×  i03 (dilution factor) units per 
milliliter.  Changing  to  antilogs,  this  is equivalent  to  1.58  X  108 
phage units. 
DISCUSSION 
From the description given it is obvious that the method rests upon 
the fact that a set concentration of growing phage-susceptible bacteria 
contained in a  unit volume of phage-bacteria mixture will be reduced 
to some arbitrary turbidity end-point at a  time  depending upon the 
number of phage units present at the start of the process.  The amounts 
of phage involved in the reaction are conveniently expressed bydefin- 
ing the standard phage as containing 1  X  10 '0 units.  It should  be 
stated that  this  figure is  not  the  actual  number  of  lytic  particles 
in the standard; it is a purely arbitrary const~mt adopted for conven- 
ience.  In the actual test 4 ml. of phage or phage dilution are used 
while titer calculations are based upon 1 ml. quantities.  No correc- 
tion for this difference need be made since the 4 ml. quantity is constant 
throughout. 
The original CBact., the turbidity end-point, the total volume, and 
the  CPhage  range  used  for estimating unknowns,  are  again  not  set ALBERT P.  KRUEGER  563 
values but are fixed in each instance by preliminary runs with the 
particular phage and bacterium being studied. 
In the present case phage values  < 1  ×  104 units/ml, did not give 
points lying on the curve of Fig. 2.  Such irregularity is to.be expected 
in very high dilutions and the range for quantitative estimations must 
be chosen with this in mind.  Similarly, concentrated lysates will not 
fit the curve because the turbidity of the suspension never develops 
sufficiently to furnish the required end-point. 
The accuracy of the method is well within 4-5 per cent and depends 
to some extent upon the shaking of the tubes.  Shaking speeds up the 
process markedly and decreases the differences noted in repeated runs 
with unshaken tubes.  In the latter case the different degrees of jar- 
ring the tubes are given at the time of reading probably account for 
such minor variations. 
It  is possible to  use still  another method for  quantitative work. 
Various dilutions of standard phage are mixed with increasing concen- 
trations  of  bacteria,  maintaining  a  constant  total  volume.  Some 
convenient end-point as in the above procedure is chosen and for each 
particular  Cphage  the time required  to  reach  this  CBact. is  plotted 
against the original bacterial concentrations used.  From the series 
of curves so obtained a  second curve is interpolated by plotting the 
original phage values  (units)  against the concentrations of bacteria 
which they reduced to  the  turbidity  end-point at  some particular 
time.  The  second curve furnishes a  standard  for  determining un- 
knowns just as in the method described above in detail. 
CONCLUSIONS 
1.  In the case of the staphylococcus and antistaphylococcus phage 
studied,  with the total volume of the mixture being kept constant, there 
exists a definite quantitative relationship between Cphage  and the time 
required to reduce a  particular concentration of growing phage-sus- 
ceptible bacteria to an arbitrary turbidity end-point. 
2.  This relationship furnishes a  basis for the quantitative estima- 
tion  of  bacteriophage.  A  method is  described having an accuracy 
within  4-5  per cent. 564  QUANTITATIVE  DETE~ATION  OF BACTERIOPHAGE 
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